Carbonate reservoirs can present a variety of challenges to explorationists, drillers, production geologists, and development engineers. Many carbonate prospects are associated with subtle traps, compartmentalized reservoirs, and polymodal pore systems of multiple origin. With today's powerful computers and software, it is possible to visualize 4-dimensional models that illustrate the spatial distribution of petrophysical properties or fluid saturation in reservoirs at field scale. However, in order to produce reliable models and accurate representations of reservoir architecture, high-quality information is required about structural geology, stratigraphy, "pore petrography", and reservoir petrophysical properties.
INTRODUCTION
Carbonate reservoirs can present a variety of challenges to explorationists, drillers, production geologists, and development engineers. Many carbonate prospects are associated with subtle traps, compartmentalized reservoirs, and polymodal pore systems of multiple origin. With today's powerful computers and software, it is possible to visualize 4-dimensional models that illustrate the spatial distribution of petrophysical properties or fluid saturation in reservoirs at field scale. However, in order to produce reliable models and accurate representations of reservoir architecture, high-quality information is required about structural geology, stratigraphy, "pore petrography", and reservoir petrophysical properties.
Carbonate reservoirs commonly have pore systems that represent the combined effects of more than one geological process, or of repeated interactions between rocks and pore-modifying processes. Particular care must be given to identification of the sequence of events that formed the final array of rock and pore characteristics. In most cases it is possible to identify crosscutting relationships between rock/pore properties so that their relative times of origin are distinguishable. Reservoirs with boundaries that strictly follow depositional rock properties, a rather uncommon occurrence, will not exhibit crosscutting relationships because rock texture, fabric, porosity, and permeability share a single mode and time of origin. In such a simple case, reservoir architecture follows facies boundaries. These reservoirs are referred to as stratabound, and the porosity is facies-selective. Diagenesis and fracture-forming processes do not always conform to depositional boundaries. Although carbonate reservoirs exist in which diagenetic porosity corresponds closely with depositional rock properties (fabric-selective or facies-selective diagenesis), there are also many instances where it does not. In those cases, it is critical to recognize the categories of alteration and their relative times of origin. For example, fractures cut across rock boundaries, although there are some fundamental rock properties that influence fracture formation. Fractures happen as a result of brittle failure under differential stress, usually in conjunction with faulting or folding. Fault and fold geometry can be determined; therefore, it follows that associated fracture patterns can also be determined. In sum, there are many rock and petrophysical characteristics in carbonates that can expose a wealth of information about the origin and architecture of carbonate reservoirs. A complete discussion of all aspects of carbonate reservoirs is beyond the scope of this paper, but a field example using diagnostic procedures will illustrate how carbonate reservoirs can be mapped as flow units based on "pore facies." The concept of pore facies is largely a result of industry attempts to develop compartmentalized reservoirs. If a reservoir is not in uniform flow communication throughout its 3-dimensional volume, then oil will be bypassed, large parts of the reservoir may be missed during exploratory drilling, and waterflood or enhanced recovery programs will be adversely impacted because optimum locations for injection and production are not known. A common practice today is to utilize few borehole cores (because they are expensive) and little or no microscopic petrography. Most companies depend mainly on wireline log data and geostatistical methods to predict the distribution of highest porosity and permeability even though it is now well known that carbonate pore characteristics have a profound impact on the Archie m and n exponents in the saturation equation and, consequently, on calculations of Sw' and So (Lucia, 1983; Focke amd Mulm, 1987) .
Carbonate Reservoir Flow Units
In about 1990 we began studying ways to identify flow units in carbonate reservoirs. This ongoing research at Texas A&M University is aimed at finding ways to identify, map, and predict the spatial distribution of reservoir zones that have highest combined values of porosity and permeability with the least resistance to fluid flow -zones we call flow units. In simple terms, that means we are looking for high values of porosity that have high companion values of permeability -along with pore apertures (throats) large enough to allow fluid flow at low capillary resistance. It immediately became clear to us that pore characteristics play the major role; therefore, borehole cores and thin sections must be examined to obtain reliable data. In most situations, flow units can be subdivided or "ranked" on the basis of their dominant pore characteristics, thereby identifying "pore facies" with lowest, intermediate, and highest capillary resistance to flow. Our current study of Permian-aged carbonates at Happy Spraberry Field illustrates some of our methods. Initial work on this project was by Bradley Hammel (1996) , and most of the illustrations presented here derive from his report.
HAPPY SPRABERRY FIELD Location and Stratigraphic Setting
Happy Spraberry Field is located in Garza Country, Texas, along the northern part of the "Eastern Shelf that marks the eastern boundary of the Midland Basin (figure. I). The Spraberry part of the name reflects the informal stratigraphic position of the reservoir (figure. 2). Carbonate rocks at Happy Field consist of two main facies types: grainstones and packstones, and bindstones/rudstones. Traditionally, the Spraberry Formation consists of siliciclastic turbidites and density current deposits in the Midland Basin; however, the "Spraberry" at Happy Field consists of oolite-peloid r -,-T -r -: r -,-
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FIELD SPRABERRY TREND f grainstones/packstones along with skeletal bindstone patch reefs and reef rudstone rubble . Because we have no exact age marker for these deposits, they may more prope rly be considered part of the Clearfork Formation. The reservoir interval at Happy Field is shown on the Type Log in figure 3 . 
Structure
As the Eastern Shelf was relatively unaffected by tectonism during the deposition of the Happy Field carbonates the structural contours on the top of the Spraberry limestone interval (figure. 4) were interpreted to reflect depositional relief rather than fault or fold geometry. Confiirmation that present structure represents depositional relief is shown by the interval isopach map (figure. 5) of the shaly siltstone interval that overlies the Spraberry limestones and by the total thickness of Spraberry lime in Happy Field (figure. 6).
Shale Marker (Correlation Datum)
Top Spraberry Limestone
. Type log for Happy Spraberry Field, Lott #19-4. Note the markers indicatedfor "shale marker" at the top of the sequence, the shaly siltstone interval above the Spraberry Lime, and the Spraberry Lime reservoir interval.
Depositional Environment
Trough-crossbedded oolite grainstones and packstones make up the bulk of the producing zones at Happy Field. Two pods shown on the Spraberry lime isopach map (figure. 6) are oolitic "sand wave" complexes separated by a patch reef and rubble zone. Sedimentary structures such as the trough crossbeds, abundant oolites, and meter-scale thicknesses of in situ bindstones with Tubiphytes, crinoids, bryozoan fragments, brachiopods, mollusks, ostracods, and a variety of benthic foraminifera indicate a tropical paleoclimate and deposition within fair-weather. 
Porosity
We have been working with different systems for classifying porosity for about 8 years and have concluded that a system of end-member classes based on mode of origin is the most practical classification scheme (figure. 7). By adding terms for pore geometry and abundance, one can meld pore classification with rock classification to formulate a stratigraphic model for pore "facies." However, porosity is only part of the equation that identifies flow units. Porosity combined with permeability -in optimum combinations (highest values of each parameter at a single stratigraphic level)identifies flow units, which can further be "ranked" as good, intermediate, or poor based on how easily the flow units transmit fluid in reservoir conditions. Determining how well reservoir pore systems can deliver fluids is part of our ongoing research and we do not have all the answers yet. However, we are studying mercury capillary pressure characteristics of samples taken from ranked flow units where facies lithology, pore type, porosity %, and permeability md are known so that we can determine how mercury withdrawal efficiency may be used as a guide to predicting liquid recovery efficiency in reservoirs. The purpose of this rather tedious exercise is to find ways in which observational data -rather than statistical methods -can be used to predict the spatial distribution of flow units at field scale. Our analysis of porosity at Happy Spraberry Field began with mapping IO-foot thick stratigraphic "slices" in the Spraberry Lime from an arbitrary subsurface reference, in this case, a prominent shale marker above the Spraberry Lime. Porosity from core analyses and, where cores were not available, from calculations based on wireline logs, was averaged at each well location. Those values, averaged over a 10foot interval from the marker horizon downwards, were posted on the field map and contoured. Three of these slice maps, top, middle, and bottom of the formation are shown in figures. 8-10. Note that the slice maps of average porosity conform closely in outline to present structure on top of Spraberry Lime, to the isopach of the overlying shaly siltstone, and to the interval thickness of the Spraberry Lime (figures. 4-6). The correspondence in form of these maps suggests that porosity is facies-selective. Correspondence between the form of the "paleostructural map" (siltstone isopach) and some porosity slice maps suggests that a digenetic overprint such as dissolution (on paleohighs) may be present.
Pore categories were identified in order to determine which genetic types and geometric characteristics (e.g., size, shape, and relationship between pores and grains) correspond with highest values of porosity and permeability. Hammel (1996) identified 7 diagenetic pore types and 4 depositional pore types in his study, including I) intergranular, 2) interparticle, 3) shelter, and 4) intraskeletal. His diagenetic categories include: 5) gram moldic, 6) vug, 7) solution-enhanced intergranular, 8) solution-enhanced interparticle, 9) solution-enhanced intercrystalline, 10) incomplete grain moldic, and II) cement-reduced intercrystalline. There is significant overlap in his categories, however, especially in the diagenetic types. A major contribution of his study is the observation that the dominant reservoir pore types with highest combined porosity and permeability are confined to depositional facies boundaries. This means that diagenetic alterations only modified existing pore types rather than having created different systems that cut across depostional boundaries. Figure 7 . A practical, genetic classification for carbonate porosity developed by Ahr (1994) for use in classes at Texas A&M University Pore categories observed in thin sections were grouped by ongin (genetic classification) and compared with porosity values to determine which pore types correspond to different ranges of porosity. Highest porosity (23% to 30%) was found to correspond with grain-rnoldic and solution-enhanced intergranular pores (grainstone facies). Intermediate porosity values (16% to 23%) generally correspond with grain-moldic, cement-reduced intergranular and partial moldic pore types (packstones, partially cemented grainstones, and bindstones/rudstones with high percentage of vugs). The lowest porosity values (9% to 16%) correspond with partial moldie, vuggy, and solution-enhanced intercrystalline (microscale) porosity (wackestones, mudstones, and bindstone/rudstones lacking vugs). It was found that depositional facies exhibit specific pore types across the field. Therefore, it is possible to compare the spatial distribution of genetic pore types with porosity ranges and, ultimately, with covariant ranges of permeability. This was done using a graphical method of comparing porosity and permeability values within each of a series of I 0foot stratigraphic slices. Flow units are subsequently defined as the parts of the reservoir where highest porosity and highest permeability coincide in space. The practical problem remaining is to find the geological "tag" that enables one to predict the spatial distribution of optimum combined porostiy and permeability as a function of one or more fundamental geological characteristics such as facies boundaries, position within stratigraphic cycles, proximity to unconformities or other sharp breaks in the sequence, etc. 
Permeability
Measured permeability from core analyses and values taken from empirical plots of permeability as a function of porosity provided average values for each lO-foot stratigraphic slice from the marker horizon downward. Three of these average permeability slice maps -the top, middle, and bottom of the Spraberry Lime -are shown in figures. 11-13. Note the correspondence in map shape of average permeability amd average porosity in the respective slice maps.
Porosity and permeability numerical values were compared over the ranges found in the study, and porosity-permeability pairs were established. High ( Facies slice maps are constructed in the same manner as the slice maps for porosity and permeability. Three of these slice maps are shown in figures. 14-16. Rock descriptions from core analyses were transcribed into lithological symbols and plotted at their appropriate depth below the shale marker, or reference horizon in the field. Where cores were not available, log signatures indicative of the main facies types were substituted. Wireline log signatures commonly exhibit distinctive characteristics that correspond to specific rock types. This phenomenon enables "electrofacies" to be constructed from log data where cores are unavailable. Where log signatures were substituted for rock descriptions, depths below the field marker horizon were checked in order to minimize the likelihood of correlation errors. Figure 9 . Average porosity values in percent contoured in a 10-foot stratigraphic slice taken at 60-70 feet below correlation datum. Granted that these are interpretive contours, note the much larger aerial extent of the porous zones, the relative continuity of some porous zones, and the relatively large area of porsity greater than 20% Figure 10 . Average porosity in percent contoured in the IO-foot slice 100-110 feet below datum. Note the absence of porosity in the southern half of the field and the small aerial extent of porosity in the north. By stacking all 9 of the slice maps and viewing than as planes within a 3-dimensional reservoir system, it is possible to visualize the spatial distribution of porosity in the reservoir. Figure 13 . Figures 11-13 . Average permeability in md contoured through IO-foot stratigraphic slices taken at 20-30; 60-70; and 100-110 feet below the correlation datum. Note the correspondence between the shape and size of the permeability contours and those from the porosity slice maps. High correspondence between porosity and permeability in carbonate reservoirs is a first clue to suggest predominance of depositional characteristics in the reservoir.
Flow units in this reservoir generally correspond to facies boundaries because the pore network is governed by depositional characteristics and diagenetic alterations followed the depositional template. Each flow unit has a distinct reservoir quality class (RQC). Hammel (1996) identified fourteen flow units in the field and coded them 8 limestones A thorough F, each having a possible quality rank of I to 6. Facies types A and Bare grainstones and packstones, facies C is bindstones-rudstones, facies D is mudstones-wackestones, and E-F are siliciclastics. These relatively simple, depositionally defined flow units are recognizable by their gamma ray and densityporosity/neutron-porosity log signatures. For practical purposes, flow units are limited to the limestone interval: siliciclastic rocks typically have less than 1 permeability and form seals. A few shaly siltstones that exhibit dissolution of calcite cement have up to 3 md of permeability, but they are classified as poor quality flow units. They are designated as facies E-rank 5 and facies E-rank 6. Selected examples of Hammel's (1996) Facies slice maps at levels 20-30; 60-70; and 100-110 feet below datum. Note the appearance. disappearance. and spatial distribution of facies types. Compare facies distribution with porosity and permeability slice maps. Legend: Open dot pattern is grainstone. close dot pattern is packstone, white diagonal through black is mudstone-wackestone. white stippled in black background is siliciclastics, and bush pattern is bindstone-rudstone lithology.
DISCUSSION AND CONCLUSIONS
Finding and developing hydrocarbon reservoirs in carbonates requires knowledge of platform architecture, depositional facies models, processes of diagenesis, and local tectonics. Carbonate reservoir porosity may consist of one or more of 3 end-member genetic categories depositional, diagenetic, or fractures. Proper diagnosis of the kinds of porosity present is essential for optimum field development. Defining and mapping reservoir flow units depends on knowing the ways in which porosity corresponds with other geological characteristics in the field. Depositional porosity commonly corresponds to depositional facies boundaries. Tops and bottoms of depositional units may be marked by lithological change, by unconformites, or by stacking characteristics within a stratigraphic sequence. Diagenetic porosity mayor may not correspond with depositional characteristics. Commonly, diagenetic porosity corresponds more closely with paleostructural highs or proximity to unconformities than to simple facies boundaries. Fractures typically correspond in density and orientation with geometry of faults or folds. Knowledge of these fundamental relationships in geology enables the explorationsist and development specialist to find and exploit complex, sometimes compartmentalized reservoirs. An example of a comparatively simple reservoir in the Permian Spraberry Lime illustrates some methods to define reservoir pore origin, establish reservoir flow units based on paired permeability/porosity, rank the relative quality of the flow units, and map them in 3-D space at field scale. At Happy Field, porosity and permeability distribution patterns correspond closely with depositional facies boundaries such that correlation and mapping of depositional facies serve as proxies for mapping flow units. Comparing highest intermediate, and lowest values of permeability and porosity, respectively, enabled a ranking scheme to be constructed for assessing the relative reservoir quality of individual flow units. Finally, by overlaying flow unit slice maps on lithofacies slice maps, an integrated scheme was obtained for predicting the 3-dimensional distribution of high, intermediate, and low quality reservoir zones. This knowledge will enable optimization of further development projects at Happy Spraberry Field, One obvious example with which to use this new information is waterflooding. Knowing the location of the lower quality reservoir zones allows the development team to choose more effectively where to inject water and where to expect optimum production in adjacent wells. Other applications exist in a variety of development and exploitation procedures, including scheduling production from specific zones or field sectors on the basis of flow unit quality, consideration of flow unit quality in determining well locations and spacing, in making economic calculations when information on fluid saturation is available, and on constructing refined models of the reservoir for simulation models.
Further work is underway on the Happy Spraberry Field flow units. We are currently performing mercury injection capillary pressure studies to determine mercury recovery efficiency as it relates to flow unit quality rank, pore type and dimension, distribution of pore and pore aperture sizes, and finally, to stratigraphic and sedimentological properties seen in cores and thin sections. Figure 19 . Figures 17-19 . Ranked flow unit slice maps (original in colour) incorporating lithofacies A through F and flow unit quality rank I through 6. Letter designation for lithofacies is explained in the text.
